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Most existing studies on the algal communities of acid lakes are based on environments that have been
caused by anthropogenic disturbances. Such lakes have a different origin compared to the natural acidic
lakes and could be expected to differ also in the mechanisms controlling phytoplankton and trophic
status. Planktonic community in Lake Caviahue is somewhat diverse in spite of the low pH of the water.
Algae have a distinctive vertical distribution: the values of phytoplankton biomass remain constant
throughout the water column and at times were highest in the upper end of the hypolimnion, forming a
maximum or a layer of chlorophyll a at depth. The goal of this work was to investigate the factors
inﬂuencing the seasonal and vertical distribution of phytoplankton. The lake was sampled between the
years 2004 and 2006. Physical, chemical and biological parameters at different depths throughout the
water column were determined. The interrelationships between environmental variables at different
sampling dates were analyzed using an integration of multivariate matrices, multiple factor analysis, to
analyze any joint partnerships in the samples. We found that phytoplankton biomass is dominated by
Keratococcus rhaphidioides. With regard to zooplankton, we found a single species of rotifers (Philodina
sp.). The two arms of the lake and the depths have different behaviours showing differences in the arms’
conductivity, dissolved oxygen and pH. The more superﬁcial layers were characterized by high values of
phytoplankton and zooplankton biomass, organic and inorganic carbon, dissolved oxygen and pH. The
deeper layers showed high values of chlorophyll a, ammonium and phosphorus (dissolved and
particulate). From the multivariate analysis the relationships of the each algal species with pH, as a
possible indicator of the degree of ‘‘acidophilia’’, could be extracted.
& 2009 Elsevier GmbH. All rights reserved.1. Introduction
Most existing studies on the phytoplankton communities of
acidic lakes are based on environments that have been the result
of anthropogenic disturbances (acid rain, Almer et al., 1974;
Kwiatkowski and Roff, 1976; Olaveson and Nalewajko, 1994;
mining, Beulker et al., 2003; Kamjunke et al., 2004; Lessmann
et al., 1999; Nixdorf et al., 1998b). Such lakes have a completely
different origin than the natural acidic Lake Caviahue and could
be expected to differ also in the mechanisms controlling
phytoplankton and trophic status.
The conditions of extreme acidity in Lake Caviahue could be
expressed in low diversity of species for phytoplankton, zoo-
plankton and bacterioplankton (Pedrozo et al., 2001). TheH. All rights reserved.
itario Bariloche, Universidad
ariloche, Argentina.
.G. Beamud).dominant algal species is Keratococcus rhaphidioides (490% of
the total abundance), followed by Watanabea sp., Palmellopsis sp.,
Euglena mutabilis and Chlamydomonas sp. (Beamud et al., 2007;
Beamud, 2009). The bacterioplankton consists mainly of small
cocci (0.5–1.0 mm), while the zooplankton is dominated by
rotifers Bdelloideos (Philodina sp.) and occasionally ciliates
(Pedrozo et al., 2001).
The vertical distribution of algae in this lake has distinctive
characteristics (Beamud et al., 2007): phytoplankton biomass
values remain constant throughout the water column and
occasionally have maximum biomass at 30 m depth in the upper
hypolimnion. This development of biomass is named in the
literature as deep chlorophyll a maximum (DCM) or a deep
chlorophyll a layer (DCL) (Pilati and Wurtsbaugh, 2003). The
phytoplankton species responsible for these maxima in Lake
Caviahue are not only abundant in these strata, but also persist in
time as seen in other lakes (Adrian et al., 2001). The DCM is a
phenomenon that is well documented in various ocean regions, is
a permanent feature in oligotrophic subtropical basins and of
typical occurrence in temperate waters after the spring algal
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hypotheses have been raised to explain the formation of DCMs in
different types of water bodies (Bienfang et al., 1984; Cullen,
1982; Gaevsky et al., 2002; Gasol et al., 1992; Gervais et al., 2003;
Kononen et al., 1998; Tittel et al., 2003; Venrick et al., 1973).
These include (1) an increase in the chlorophyll a:cell size ratio at
depths where light is scarce, (2) sedimentation of epilimnetic
phytoplankton that accumulates in the DCL due to the slow
sedimentation rates, (3) predation of phytoplankton in the
epilimnion by either zooplankton or by other mixotrophic algae,
(4) accumulation of mobile ﬂagellates to avoid predation in the
epilimnion and (5) availability of nutrients in the meta-hypolim-
nion. It is expected that several processes interact to control the
distribution and magnitude of the DCL and DCM (Gotsis-Skretas
et al., 1999; Richerson et al., 1978).
The aim of this study is to explain the vertical and the seasonal
distribution of phytoplankton species of Lake Caviahue depending
on the availability of light, nutrients (nitrogen, phosphorus and
carbon) and the abundance of zooplankton. Using multivariate
techniques (Kiers, 1991), the existence of seasonal patterns was
evaluated together with the degree of interaction between
populations and the chemical and physical variables were
assessed during the years 2004–2006. We hypothesize that the
distinctive vertical distribution of phytoplankton in this acidic
lake is not determined by the effect of zooplankton predation, but
the result of the availability of nutrients in the water column.2. Methods
2.1. Samplings and laboratory analysis
The lake was sampled in 2004 (March 11, May 27 and
November 23), 2005 (January 18, February 23, March 15,
September 13 and December 14) and 2006 (April 22), at the
deepest site of the pelagic area in the North (90 m) and South
(70 m) arms. A full description of lake basin can be found in
Beamud et al. (2007) and Pedrozo et al. (2008). Water samples for
chemical and biological characterizations were collected with a
Van Dorn bottle (5 l) to the following depths: 0, 2, and 5 m and
from 10 m to maximum depths, at 10 m intervals. The following
variables were determined in situ: conductivity (Orion 135
electrode, applying a correction for acid water according to
Schimmele and Herzsprung, 2000), water temperature (YSI
thermistor), pH (Orion 265 electrode calibrated using Orion
buffer solutions 1.00, 2.00 and 4.01) and dissolved oxygen
(oxymeter Orion 380). The light irradiance was measured using
a LI-COR radiometer equipped with a submersible quantum
sensor LI-192SB and transparency was determined using a Secchi
disk of 20 cm in diameter. The following chemical and biological
variables were analyzed according to APHA (1992): soluble
reactive phosphorus (SRP, ascorbic acid), total phosphorus (TP,
ﬁxation for acidic waters with H2SO4 1:4 and digestion with acid
K persulphate) and ammonium (N-NH4, indophenol blue, ﬁxation
for acidic waters with 1% HgCl2). Three litres of lake water was
ﬁltered through Whatman GFC ﬁlters to determine chlorophyll a
(extraction with acetone 90%). In the laboratory, chlorophyll a
concentration was calculated from absorbance readings at 665
and 750 nm following the methodology described in APHA
(1992). Carbon dioxide (DIC) was analyzed with a gas chromato-
graph (SRI 8160) equipped with a ﬂame ionization detector.
Dissolved organic carbon (DOC) was determined on ﬁltered
samples (0.22 mm pore) with a total carbon analyzer (Shimadzu).
Samples of phytoplankton and zooplankton were ﬁxed with a
solution of acetic Lugol and formalin diluted to 4%, respectively,
and counted under an inverted microscope Hydrobios at 400(Utermo¨hl, 1958) and were recorded by cell density ﬁelds, until a
total of 100 cells in each sample had been counted (20% maximum
error). Then the density of phytoplankton and zooplankton
samples was converted to biomass (fresh weight, mg l1), using
the cell and body volume according to Wetzel and Likens (1991)
and Goldman (1978), where 1 mg of fresh weight represent
106 mm3. Ten specimens were measured to calculate the biovo-
lume of each species. The species were studied under light
microscope Olympus BX40.2.2. Statistical analysis
To identify interrelationships between different parameters or
environmental variables on the vertical distribution of phyto-
plankton, multivariate statistical analysis was carried out. The
analysis was conducted at two scales: multiple factorial analysis
(MFA) (Escoﬁer and Pages, 1984) where seasonal associations
were analyzed together for all samples and the method was
complemented with the use of classiﬁcation analysis (CA) of
variables.
The MFA allows analyzing the different seasons as a whole.
Each season of the year was regarded as a group, which by
deﬁnition includes the variables of the same date. The aim was to
ﬁnd a common or representative structure of all groups. The MFA
has, in general, two steps. The ﬁrst step is the analysis of each
group followed by a second step of global analysis of all groups,
previously weighted according to the results of individual tests
(Baccala´, 2004). Unlike the individual principal component
analysis, the MFA can integrate into a single analysis groups of
variables (in different sampling dates), analyzing the relationship
within each group and over time (Escoﬁer and Pages, 1990).
The physical, chemical and biological data determined in the
water column were organized into a matrix where the rows
(individuals) accounted for different depths at which samples
were taken and columns (variables identiﬁed for season) were
limnological parameters determined in each of the depths in
different sampling dates.
Individuals or rows (depths of the North and South arm of the
lake) were 22 in total, symbolized as follows: N00, N02, N05, N10,
N20, N30, N40, N50, N60, N70, N80, N90, S00, S02, S05, S10, S20,
S30, S40, S50, S60 and S70. The ﬁrst letter indicates the arm of the
lake and the numbers the depth. In each sampling there were 14
variables that were used in the analysis. The labels of the chemical
variables were NH4 (ammonium), SRP (soluble reactive phos-
phorus), TP (total phosphorus), DOC (organic carbon dissolved)
and DIC (dissolved inorganic carbon). The biological variables
labels were Kr (K. rhaphidioides biomass), Em (E. mutabilis
biomass), Pal (Palmellopsis sp. biomass), Wata (Watanabea sp.
biomass), Chlamy (Chlamydomonas sp. biomass) Bio (total
phytoplankton biomass), Zoo (total zooplankton biomass) and
Chloa (chlorophyll a content), and the labels of the physical
variables were pH, Cond (conductivity) and O2 (dissolved oxygen).
The capital letters A (autumm), W (winter), SP (spring) and S
(summer) were added to the variable label to indicate the season
where the variable was determined. For example, ChlamyW
(Chlamydomonas sp. biomass measured in winter).
In the MFA analysis the following elements must be con-
sidered: variables, average individuals (Im: average value of the
depths through the seasons) and partial individuals (Ip: average
value of the depths in each season). The interpretation of these
three elements, regarding contribution to a representative quality
in the analysis, is similar to the PCA interpretation (Escoﬁer and
Pages, 1990). How disperse are the partial individuals from the
average ones is an indication of the heterogeneity or homogeneity
for each depth evaluated through the seasons.
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hierarchical classiﬁcation analysis. This technique was also help-
ful to verify the grouping of individuals obtained from the MFA
and to elucidate associations between individuals and variables
that are not that simple to interpret because of the great number
of variables and individuals included in the factorial analysis.
Using the CA on the set of depths, the classes were deﬁned by the
distance between two of them. The distance between individuals
(depths) of the same class is lower than the distance from other
classes. Both MFA and CA analysis were implemented using Spad
4.5 programm (Le´bart et al., 2000).Fig. 1. Seasonal changes (averages) of major limnological variables in the North
arm of Lake Caviahue for 2004–2006. (a) SRP (mg l1), TP (mg l1) and N-NH4
(mg l1); (b) Chlo a (mg l1), Bio (phytoplankton biomass, mg l1) and Zoo
(zooplankton biomass, mg l1); (c) DIC (mg l1) and DOC (mg l1).3. Results
3.1. Limnological characteristics
The most important algal species was K. rhaphidioides, with
60–100% contribution to the total biomass. E. mutabilis, Watana-
bea sp., Chlamydomonas sp. and Palmellopsis sp. were also found
with much lower density and biomass (and even absent on
certain dates). There was no replacement of phytoplankton
species throughout the study period; K. rhaphidioides had the
greatest biomass through samplings and depths. The rotifer
Philodina sp. (Bdelloidea) was the only species recorded through-
out the study period and responsible for the zooplankton biomass
measurement.
The average pH for the studied period was 2.85 (70.16), the
average conductivity was 929.8 mS cm1 (7167.6) and the
average dissolved oxygen for 2004–2006 was 9.33 mg l1
(71.64).
Fig. 1 shows the seasonal changes in the limnological variables
of the North arm, used in the MFA analysis. The SRP and TP
(Fig. 1a) concentrations decreased along the 2 years studied from
0.3 to 0.2 mg l1. Ammonium (Fig. 1a) was highest in summer
(0.017 mg l1) and the minimum value was recorded in autumn
(0.004 mg l1). The chlorophyll a (Fig. 1b) value ranged between
0.2 and 0.8 mg l1, the maximum observed was in autumn (May
04) and winter (September 05) and the minimum in summer
(January 2005). The patterns of phytoplankton biomass (Fig. 1b)
are different from the patterns of chlorophyll, with maximum
value (0.9 mg l1) recorded in late spring–early summer and the
minimum in autumn (0.5 mg l1). The biomass of zooplankton
(Fig. 1b) was highest in late spring–early summer (as well as
phytoplankton biomass) and lowest in autumn (0.2–1.4 mg l1).
The forms of dissolved carbon (Fig. 1c) showed contrasting
distribution of the concentrations along the studied period; the
inorganic carbon (DIC) showed no seasonal variation and the
organic carbon (DOC) concentrations ranged between 0.2 and
1.6 mg l1 with maximum contents in autumn and winter,
similar to chlorophyll a seasonal maxima.
The seasonal variation of the limnological variables deter-
mined in the South arm (Fig. 2) showed a decrease in the
concentrations of SRP and TP (Fig. 2a) along the time
(0.4–0.2 mg l1). Ammonium (Fig. 2a) showed a different
pattern compared with the North arm; the highest values were
registered in autumn (0.023 mg l1) and the minimum in
summer, 0.006 mg l1. The chlorophyll a (Fig. 2b) showed the
maximum values (1.0 mg l1) in autumn (May 04) and winter
(September 05) and the minimum in late summer (0.1 mg l1).
The maximum biomass (Fig. 2b) was recorded in early summer
and the minimum in early autumn (0.4–0.7 mg l1). The biomass
of zooplankton (Fig. 2b) was almost constant unlike the North
Arm (0.1–0.3 mg l1). DIC was almost constant except for a
maximum value found in March 04 (1.5 mg l1) and DOCconcentrations ranged between 0.02 and 1.3 mg l1 with higher
values in autumn (Fig. 2c).
Table 1 shows the linear correlation coefﬁcients for the
chemical and biological variables measured in the lake during
the 2 years of studies and described in Figs. 1 and 2. The
relationship between phytoplankton and zooplankton biomass
(r=0.84) at North arm of the lake had a signiﬁcant coefﬁcient
(po0.05). High values for the correlation coefﬁcients were found
at South arm between chlorophyll a and N-NH4, SRP (negative)
and DOC (positive) but were no signiﬁcant.3.2. Identifying lake patterns using statistics
Figs. 3 and 4 show the distribution of the depths and variables
in the space formed by the ﬁrst two components (axis) of the MFA
analysis, which explained 37.9% of the total variance. Factorial
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Fig. 2. Seasonal changes (averages) of major limnological variables in the South
arm of Lake Caviahue for 2004–2006. (a) SRP (mg l1), TP (mg l1) and N-NH4
(mg l1); (b) Chlo a (mg l1), Bio (phytoplankton biomass, mg l1) and Zoo
(zooplankton biomass, mg l1); (c) DIC (mg l1) and DOC (mg l1).
Table 1
Partial correlation coefﬁcients for different biological and chemical variables
registered in Lake Caviahue during 2004–2006: NA (North arm), SA (South arm),
Chlo a (chlorophyll a), Phyto (phytoplankton biomass), N–NH4 (ammonium), TP
(total phosphorus), SRP (soluble reactive phosphorus), DIC (dissolved inorganic
carbon), DOC (dissolved organic carbon) and Zoo (zooplankton biomass).
Variables NA SA
Chlo a Phyto Chlo a Phyto
N-NH4 0.39 0.11 0.62 0.13
TP 0.15 0.17 0.34 0.07
SRP 0.03 0.04 0.56 0.10
DIC 0.31 0.02 0.48 0.49
DOC 0.20 0.43 0.53 0.26
Zoo 0.25 0.84n 0.20 0.21
(npo0.05).
S.G. Beamud et al. / Limnologica 40 (2010) 140–147 143axis 1 (29.5% of the variance) separated the layers of the lake
according to the depth. Factorial axis 2 (13.9%) separates the
North (top of ﬁgure) from the South arm (bottom of ﬁgure) of the
lake. The third axis explained 8.9% of the total variance and is not
shown in the ﬁgures.
In the ﬁrst factorial plane the average (Im) and partial (Ip)
individuals were plotted showing the patterns at each depth
during all seasons (Fig. 3). This plane shows the depth spatially
discriminated by layers in the lake: the deep layers (40–90 m
depth) of both arms are located to the left of Fig. 3 and the upper
layers (0–30 m depth) at right. All the average individuals
contributed to the axes with the exception of N05, N20, N30,
N60, S02, S10 and S20. These individuals represented the
shallower depth strata, with the exception of N60, and were
located very near the centre of factorial plane origin (Fig. 3). In
general, the depths corresponding to the North arm were more
seasonally heterogeneous than the South arm ones. Spring and
winter are the most different seasons in the North arm and winter
and summer in the South arm.
In relation to the variables (Fig. 4), the most contributory to the
axes (contribution40.8) were pH, Kr, Bio, Chloa, Zoo, O2 and Cond
in all seasons. In addition to these variables for each particular
season NH4, DOC, SRP and Flag in autumn, TP, DOC and Wata in
winter; Flag DOC and NH4 in spring and summer, were also
important.
The biological variables and those variables representing the
nutrients (DIC, DOC, NH4, SRP and TP) had a greater contribution
to the axis 1 and separated the different strata within each arm
(more superﬁcial ones from the deeper and very deep ones).
Physical variables (pH, Cond and O2) were important in axis 2 and
the differences in their values separate the two arms of the lake
(Figs. 3–4). In summer and autumn phytoplankton biomass was
high in the surface strata of the North arm while in winter the
situation was reversed, with greater biomass in the South arm.
Spring biomass was high in the surface layers of both arms. The
values found for Chloa were high in spring, autumn and winter in
the deepest layers of the North arm and in summer in the South
arm. The Chloa is generally closely related with NH4 and SRP. The
total biomass of algae is always close to the biomass of Kr, which
is logical since Kr represents over 90% of the total biomass. It is
also related to the DOC and zooplankton biomass, never with
phosphorus (TP and SRP) and in certain seasons with Cond and
NH4. The species K. rhaphidioides presents higher values in the
superﬁcial strata and in the deeper ones Watanabea and
Palmellopsis sp. are important, a trend that is observed in both
arms equally. Keratococcus (Fig. 4) showed a direct relationship
with the pH throughout the year, i.e. at higher pH value, there is
higher biomass of this alga. Watanabea had an inverse relation-
ship with pH, E. mutabilis in turn did not show any relationship
with this variable and Palmellopsis varied according to the season:
in summer it showed a direct relationship and in spring an inverse
one; in autumn no association between the variables was noted.
Chlamydomonas showed an inverse relationship with pH in the
spring.
Fig. 5 shows the classes of individuals (depths) obtained in the
CA analysis. 8 classes that correspond to the ordination of the
depths seen in the ﬁrst plane of the MFA were deﬁned (Figs. 3 and
4). The ﬁrst three classes are formed by a single individual, N00,
N02 and S00, respectively, and are not characterized by any
variable. Class 4 was characterized by the superﬁcial strata of
South arm and had high values for Flag and zooplankton biomass
and low Cond. Class 5 was formed by the intermediate to
deeper strata of South arm and had high values of DIC, NH4, Chloa
and Wata, and low of Bio, Kr, pH, O2, Zoo and Cond. Class 6
obtained high values of NH4, Wata and Chloa and low of Bio,
Kr, O2 and Cond and it grouped the deeper strata of North arm.
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Fig. 3. Two-dimensional plot of the MFA performed for the different sampling depths in Lake Caviahue. Only the depths with high representation quality are shown in the
plane. N: North arm; S: South arm; 0–90: depth in meters; A: autumm; W: winter; SP: spring; S: summer. The labels in bold font (&) represent the average individuals
through all the seasons, and the regular labels (K) the partial individuals (average within each season). The narrows in the bottom and on the right margin of the ﬁgure
indicate the gradient formed by axis 1 (deeper to shallower depths) and axis 2 (depths of the South and North arm). The percentages showed next to axis numbers are the
total variation of the data explained by that axis.
S.G. Beamud et al. / Limnologica 40 (2010) 140–147144Class 7 was described by high values of TP and Chloa and the
superﬁcial individuals of the North arm. The last class, with the
intermediate strata of North arm, had high levels of Flag, O2, Chloa
and Cond, and low pH.
Variables grouped by seasons in the MFA were expected to
denote seasonality in their values but this was not the case since
all the variables were randomly arranged in the ﬁrst factorial
plane of the analysis (Fig. 4) and it was consistent with the results
of seasonal changes presented in the above paragraphs (Figs. 1–4).4. Discussion
The food web of Lake Caviahue is simple, which is common in
acidic environments, due to the low pH reducing the diversity of
species, especially those belonging to higher trophic levels. The
phytoplankton biomass remained unchanged during the studied
period (2004–2006) and was clearly dominated by the chlorophyte
Keratococcus rhaphidioides and the zooplankton biomass was
produced by a species of rotifer (Philodina sp.). In acidic mining
lakes, species diversity would be determined by the chemistry of
their waters, and the biomass by the nutrient content (Nixdorf
et al., 1998a). In Lake Caviahue the different nitrogen and
phosphorous requirements not only control the phytoplankton
biomass, but also the algal species diversity (Beamud, 2009).
The biomass seasonal variation in the lake presented small
changes between the maximum and minimum values
(0.9–0.4 mm3 l1). Lake Caviahue shares with other acidic water
bodies, e.g. mining lakes in eastern Germany, the distinctive
patterns of distribution, although in mining lakes a large seasonal
amplitude between values of biomass expressed as biovolume
(0.6–2.8 mm3 l1), has been registered (Beulker et al., 2003).
The nutrient concentrations in Lake Caviahue were higher inphosphorus but lower in nitrogen than the contents of these
inorganic nutrients found in acidic mining lakes in Germany
(Nixdorf et al., 1998b). The observed low DIC and DOC
concentrations were in coincidence with carbon contents found
in other low-pH environments (Kamjunke et al., 2004).
There was no overlap between summer patterns of fresh
weight biomass and chlorophyll a when the highest biomass and
lowest chlorophyll a contents were registered (mean values for
the epilimnion and the hypolimnion of each sampling date). This
difference between the biomass and chlorophyll a has been
observed previously in the lake (Beamud et al., 2007) and could be
due to a methodological problem or the physiological state of
cells. If the chlorophyll does not degrade quickly, because the cells
have mechanisms for protection against the extreme proton
concentration of the medium, the counts would include algal cells
no longer alive in the hypolimnion, introducing a methodological
error in the values of biomass. But the discrepancy between the
algal biomass expressed as fresh weight and chlorophyll may
indicate a physiological state of cells with different requirements
in terms of light and nutrients. Cullen (1982) and Taylor et al.
(1997) showed evidence that at times the vertical proﬁle of
chlorophyll a does not represent the proﬁle of phytoplankton
biomass. One explanation that these authors give is based on the
variation in the C:chlorophyll a, which can generate very high or
very low relationships. This ratio indicates the nutritional status
of natural populations. Due to the range of possible values of this
ratio, it is expected that the chlorophyll a distribution presents
patterns independent of the phytoplankton biomass distribution
(Cullen, 1982). For instance, phytoplankton in the surface strata
with high irradiance and low nutrient concentrations, have low
chlorophyll content. During the stratiﬁcation, at depth with low
irradiance and high nutrient concentrations, the chlorophyll
content relative to phytoplankton carbon could increase.
ARTICLE IN PRESS
Fig. 4. Two-dimensional plot of the MFA performed for the whole data set, including physicochemical and biological data. Cond: conductivity; O2: dissolved oxygen; pH;
DIC: dissolved inorganic carbon; DOC: dissolved organic carbon; NH4: ammonium; TP: total phosphorus; SRP: soluble reactive phosphorus; Kr (Keratococcus rhaphidioides
biomass); Em (Euglena mutabilis biomass); Pal (Palmellopsis sp. biomass); Wata (Watanabea sp. biomass); Chlamy (Chlamydomonas sp. biomass); Bio (total phytoplankton
biomass); Zoo (total zooplankton biomass); Chloa (chlorophyll a content). After the name of the variables the letters A (autumm), W (winter), SP (spring) and S (summer)
indicate the season sampling in the lake. Only most contributive variables to the plane are shown. The arrow in the bottom and on the right margin of the ﬁgure indicates
the gradient formed by the axis 1 (deeper to shallower depths) and axis 2 (depths of the South and North arm). The percentages showed next to axis numbers are the total
variation of the data explained by that axis.
Fig. 5. Dendrogram obtained in the classiﬁcation analysis for the different depths
of Lake Caviahue used in the MFA.
S.G. Beamud et al. / Limnologica 40 (2010) 140–147 145The multiple factor analysis showed that the northern and
southern arms of Lake Caviahue have different patterns of
variables in time. Mainly electrical conductivity as well as pH
and dissolved oxygen contributed to distinguish the arms. This
difference between arms could be explained by the entrance of
the Upper Agrio River, Dulce River and the discharge of sewage
from the treatment plant of the Caviahue Village at the north arm
of the lake (Pedrozo et al., 2001; 2008), while the south arm does
not possess any permanent tributary and could function as a
semi-isolated basin.
Within these arms separation also became evident with the
difference between the depths: superﬁcial, intermediate and deep
layers. Different variables (or values thereof) characterized each
group of depths obtained in the MFA. It was observed that the
superﬁcial depths were grouped by high values of phytoplankton
and zooplankton biomass, organic and inorganic carbon, dissolved
oxygen and pH for all seasons. Deeper strata were grouped by
high values of chlorophyll a, ammonium and phosphorus
(dissolved and particulate) over the seasons.
The joint analysis of the variables and depths conﬁrmed that
there was no clearly marked seasonality based on physical,
chemical or biological variables, since the variables belonging to
different seasons are mixed on the plane, without showing any
speciﬁc trend or grouping. The two variables that describe the
algal abundance responded in opposite ways; biomass expressed
as fresh weight, always associated with K. rhaphidioides, was
signiﬁcant in surface strata and was associated with high values
in the forms of carbon, zooplankton, the pH and the dissolved
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associated with the biomass of the other algal species: Palmel-
lopsis sp., sp.Watanabea, Euglena mutabilis and Chlamydomonas sp.
and with high concentrations of ammonium and phosphorus.
From the multivariate analysis the relationships of the each
algal species with pH, as a possible indicator of the degree of
‘‘acidophilia’’, could be extracted. Thus Chlamydomonas sp., E.
mutabilis and Watanabea sp. which were previously listed as
acidophilic, or at least, were previously found in other acidic
environments, behaved as such in this lake. These species showed
an inverse relationship with the pH or, in the particular case of E.
mutabilis, no relationship at all. The biomass of the two other
species never quoted before at any acidic water body (Beamud et
al., 2007) showed a direct relationship with pH (K. rhaphidioides)
or no clear relationship at all (Palmellopsis sp.). This can be
understood as these two species were not truly acidophilic but
acidotolerant.
Only three of the possible causes or factors listed in the
introduction of this paper could explain the vertical distribution
of chlorophyll a and biomass in Lake Caviahue. The two discarded
hypothesis were those numbered (3) and (4). The ﬁrst one
postulate the predation of phytoplankton in the epilimnion by
either zooplankton or by other mixotrophic algae to be respon-
sible for the DCM, and is not considered because of the positive
relationship found between zooplankton and phytoplankton
biomass, suggesting that control of zooplankton on K. rhaphi-
dioides was weak or null. On the other hand, mixotrophic species
able to predate on other algae were not found in this lake. Thus,
the situation described by Tittel et al. (2003) for an acidic mine
lake, where predation by Ochromonas sp. on Chlamydomonas sp.
was responsible for the apparent DCM, does not occur in this
natural acidic lake. Hypothesis number (4), accumulation of
mobile ﬂagellates to avoid predation in the epilimnion was not
observed in Lake Caviahue. The other three hypothesis which can
explain the vertical distribution of phytoplankton were (1)
increase in the chlorophyll a:size of cell ratio in depths with
low light; the lower biomass and greater chlorophyll awith depth
can be explained by changes in algae metabolism where despite
the availability of nutrients, photosynthesis does not occur in the
same magnitude as in the surface layers, limiting the develop-
ment of biomass. The decrease in light intensity could produce an
increase in chlorophyll a inside the cell (Fee, 1976; Gaevsky et al.,
2002). Furthermore, this relationship is highly variable and the
phytoplankton adapts its chlorophyll a:C ratio to the prevailing
environmental conditions: temperature, daily irradiance and
nutrient concentrations (Cloern et al., 1995; Geider et al., 1997).
(2) Slow sedimentation rates of epilimnetic phytoplankton
accumulated in the DCL: in lakes where it was found that the
dominant species in the epilimnion were also important in the
metalimnion and/or in the hypolimnion, slow rates of sedimenta-
tion explain this phenomenon (Richerson et al., 1978). In Lake
Caviahue the dominant species were found along the water
column and the other phytoplankton species were registered
below the metalimnion in low abundance (Beamud, 2009). The
cells sedimentation occurs in the lake but not in such a way as to
be entirely responsible for the algal distribution. Regarding (5) the
availability of nutrients in the meta-hypolimnion we state the
following: George and Heaney (1978) postulated that the use of
recycled hypolimnetic nutrients (N, P, C) might stimulate the
sustained growth of algal populations. Also, the dark assimilation
of nitrates and ammonium in a subalpine lake was the 50% of the
rate of absorption found at light-saturated intensities (Priscu,
1984), which would indicate that part of the energy required for
inorganic nitrogen assimilation might originate from an inter-
mediate metabolism. In Lake Caviahue the hypolimnetic assim-
ilation of nutrients would explain the survival of algae beyond theeuphotic zone based on the nutrient concentrations in the water
column and the relationship between ammonium, phosphorus
and algal abundance. Beamud (2009) performed experiments
where K. rhaphidioides, E. mutabilis and Watanabea sp. were
incubated with organic substrates (nitrogen and carbon) and
found that the three species were able to assimilate the organic
sources. These results could also help to understand the survival
of the algal cells in depths where light and inorganic nutrients are
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